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Hepatocytic neoplasms (nodules and carcinomas) and is-
lands ofcellular alteration which display abnormal reten-
tion ofglycogen on fasting were quantified in F344 male
rats at intervals after initiation of hepatocarcinogenesis
by the combination of a two-thirds partial hepatectomy
with a single treatment with methyl(acetoxymethyl)-
nitrosamine during the subsequent peak ofDNA synthesis
in regenerating livers. In initiated rats fed the liver tu-
mor promoter phenobarbital, yields ofneoplasms and is-
lands maintained a constant numerical relationship over
DURING the course of chemical carcinogenesis in the
rat liver, the observation of hepatocytic neoplasms is
often preceded by the observation of hepatocytic islands
of cellular alteration.`13 These islands as a population
have been identified and/or characterized by their al-
tered appearance in hematoxylin and eosin (H&E)-
stained histologic sections, by altered expression of a
number of enzymes involved in energy and drug me-
tabolism, by abnormal retention of glycogen on fast-
ing, by resistance to experimental hemosiderosis, by de-
creased sensitivity to mitoinhibitory and cytotoxic
drugs, by increased proliferative activity, or by enhanced
sensitivity to mitogens such as estrogenic hormones and
hepatic tumor promoters.4-10 Because of the temporal
relationship between the emergence of islands and neo-
plasms and because islands are induced by exposure to
mutagens and carcinogens, these islands of altered
hepatocytes have been considered by some to represent
the clonal progeny of initiated hepatocytes.1 We are in-
vestigating the factors which modify hepatocyte sensi-
tivity to initiation of carcinogenesis. 11'2 Because of the
uncertainty which exists concerning the relationship be-
tween islands of altered hepatocytes and initiated
hepatocytes, we undertook a comparison of the kinetics
of emergence of neoplasms and islands under condi-
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time, with one neoplasm emerging for every 1600 islands.
Significantly fewer neoplasms developed in rats not fed
the phenobarbital, although the numbers of islands ob-
served at 45 and 60 weeks after initiation were not sig-
nificantly increased by the promoter. The ratio ofislands
to neoplasms in rats not fed the phenobarbital was about
11,000:1. Dietary phenobarbital appeared to have an effect
on initiated hepatocytes (or latent neoplasms) that was
not revealed by its effects on the growth and size of the
island population. (Am J Pathol 1985, 119:171-174)
tions we have employed for analysis of initiation of
carcinogenesis.
Materials and Methods
F344 male rats weighing 100 g were subjected to a
two-thirds partial hepatectomy. Eighteen hours later,
when a peak faction of hepatocytes was synthesizing
DNA,`1 methyl(acetoxymethyl)nitrosamine (DMN-Ac)
was administered directly into the portal vein at a dos-
age of 0.1 mmol/kg. The purity of the DMN-Ac was
determined by gas chromatography analysis to be
greater than 98%. The carcinogen was dissolved in
phosphate-buffered saline, pH 5.5, at a concentration
of 0.02 M. Three weeks later 37 of 55 of the treated
animals were fed a Purina Chow (#5001) diet contain-
ing 0.05% phenobarbital, the remainder were fed Pu-
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rina Chow alone. At intervals thereafter groups of 3-6
rats were sacrificed for analysis of hepatic lesions. One
week before sacrifice phenobarbital was removed from
the diet. Rats were fasted for 24 hours before sacrifice
for depletion of liver glycogen. Liver volumes were es-
timated by displacement of water. A 1-2-mm slice of
the right lateral lobe about 1 sq cm in area was frozen
on dry ice; 8-,-thick sections were cut with a cryostat
and mounted on glass slides. Sections were taken from
two levels spaced 500 p apart and processed for histo-
chemical demonstration of glycogen by the periodic
acid-Schiff base reaction.27
Glycogen-containing islands were counted at low
power, and diameters were estimated with an eyepiece
micrometer. Numbers per square centimeter were con-
verted to numbers per cubic centimeter with the use of
the conditional stereologic estimator of Pugh et al13 with
an epsilon value of 37.5 M. This value represents the
lower limit of radii of islands that can be reliably rec-
ognized in tissue transections.13 For this analysis the
islands were assumed to be spheroidal, as was shown
to be the case for islands induced by diethylnitrosamine
in mouse liver. 13 The yield of islands in each liver was
estimated by multiplying the liver volume times the nu-
meric density of islands (number per cubic centimeter)
that was observed in the right lateral lobe. An indepen-
dent test was performed for determination of the relia-
bility of this extrapolation. When the yields of islands
were quantified for each of the three principal lobes in
the regenerated liver (right lateral, its ventral process,
and caudate) and these values summed, the result agreed
to within 10o with the value obtained by extrapola-
tion from the numerical density of islands in the right
lateral lobe (n = 2). The remaining liver was fixed in
1007o buffered formalin, then sectioned at 1-2-mm in-
tervals. Visible tumor masses more than 1 mm in di-
ameter were identified and saved for paraffin embed-
ding and histologic diagnosis in H&E-stained sections.
Results
In DMN-Ac-treated rats fed a diet containing 0.050%o
phenobarbital, yields of hepatocytic neoplasms in-
creased continuously after a latency of 20 weeks (Fig-
ure 1). By 60 weeks livers contained an average of 5.5
neoplasms. In these animals the numbers of islands of
altered hepatocytes exhibiting retention of glycogen on
fasting also appeared to increase continuously between
20 and 60 weeks after treatment with the carcinogen
(Figure 2A). By 60 weeks livers were estimated to con-
tain about 10,000 of these islands. Over this interval
in the rats fed the promoter, neoplasms and islands
maintained a constant numeric relationship, one neo-
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Figure 1-Kinetics of emergence of hepatocytic neoplasms following initia-
tion with DMN-Ac. The yields of hepatocytic neoplasms were enumerated
at various times after a single administration of the carcinogen. The sym-
bols denote the mean number of neoplasms per treated liver (n = 3-6);
error bars enclose 1 SD about the mean. Numbers above the symbols in
parentheses indicate the number of animals analyzed at each time. 0,
DMN-Ac-treated rats fed a diet containing 0.05% phenobarbital; A, DMN-
Ac-treated rats fed the control diet; *, control rats fed a diet containing
0.05% phenobarbital after administration of the carcinogen solvent alone.
*P < 0.025 for DMN-Ac-treated rats fed the phenobarbital diet versus
DMN-Ac-treated rats fed the control diet (Student's t test). Inset-For
each experimental group the yields of neoplasms are plotted against the
numbers of islands of cellular alteration (Figure 2A). For DMN-Ac-treated
rats fed the phenobarbital-containing diet (0), linear regression analysis
yielded a line with a slope of 0.00061 and r = 0.97; in DMN-Ac-treated
rats not fed phenobarbital (A) the slope of the line was 0.00009 with r
= 0.83.
In treated rats fed the control diet without phenobar-
bital, the islands emerged later, but by 45 and 60 weeks
their numbers approximated those seen in phenobar-
bital-fed rats (Figure 2A). Consequently, 28 weeks af-
ter initiation with DMN-Ac nearly five times as many
islands were seen in phenobarbital-fed animals as in
animals not fed phenobarbital; this ratio then dropped
to 1.6 at 45 weeks and 1.3 at 60 weeks. When the areas
of the islands were compared, it appeared as though
phenobarbital stimulated their initial rate of growth
(Figure 2B). However, by 60 weeks the average areas
of islands in promoted and nonpromoted livers were
not significantly different. The yields of neoplasms were
substantially less in animals fed the control diet than
in animals fed the diet containing phenobarbital (Fig-
ure 1). At 45 and 60 weeks after treatment with DMN-
Ac, the ratios of tumor yields for rats fed the tumor
promoter versus rats not fed the tumor promoter were
6.1 and 8.3, respectively. No hepatocytic neoplasms and
few islands of cellular alteration were seen in solvent-
treated (no DMN-Ac) control rats fed the phenobarbi-
tal-containing diet for 42 weeks. Although there was
great variety in their morphologic features, hepatocytic
neoplasms seen in the carcinogen-treated rats were
classified according to a standard nomenclature4 as neo-
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Figure 2-Kinetics of emergence and growth of hepatocytic islands of cel-
lular alteration after initiation with DMN-Ac. A-The number of islands
per liver was estimated from focal transections by quantitative stereology.13
Symbols and details of the experimental protocol are as described in the
legend to Figure 1. B. -The mean areas of islands in groups of rats
at times after initiation (±+ 1 SD).
plastic nodules or hepatocellular carcinomas. In rats
fed phenobarbital about 90/o of the hepatocytic neo-
plasms seen 28-45 weeks after initiation were neoplas-
tic nodules (Table 1). At 60 weeks the proportion of
carcinomas was increased to 3607% of the hepatocytic
neoplasms. In DMN-Ac-treated rats not fed the pro-
moter there were three neoplastic nodules at 45 weeks
and two carcinomas and two nodules at 60 weeks.
Discussion
A single sublethal administration of DMN-Ac given
at the peak of hepatocyte DNA synthesis in regenerat-
ing livers produced a high yield of hepatocytic neo-
plasms when followed by promotion with dietary
phenobarbital. In treated animals not fed the promoter,
the yields of neoplasms were significantly less. Accord-



















Rats were given a single administration of 0.1 mmol/kg DMN-Ac at 18
hours after partial hepatectomy. Beginning 3 weeks after treatment, they
were fed a diet containing 0.05% phenobarbital until 1 week before termi-
nal sacrifice.
* Number of neoplasms per number of rats at risk.
ing to a two-stage model of initiation and promo-
tion,1',4-5 the interaction of DMN-Ac with proliferat-
ing hepatocytes initiated carcinogenesis by converting
a fraction of the damaged cell population to a state of
latent neoplasia. Subsequent exposure to the promoter,
phenobarbital, stimulated the development of neo-
plasms from these initiated cells.
Phenobarbital appeared to have a somewhat differ-
ent effect on the population of islands of cellular alter-
ation than on latent neoplasms. Although the promoter
stimulated the initial growth of islands and reduced the
latency period between treatment with carcinogen and
observation of islands, it did not affect the numbers of
islands that ultimately emerged, nor their average size.
Results similar to these have been reported by others.16-18
In another study of hepatocarcinogenesis in rats ini-
tiated with 2-acetylaminofluorene and then promoted
with 0.05 07 phenobarbital in the diet,"9 hepatocytic neo-
plasms also appeared to emerge continuously after a
latency of about 30 weeks. A plateau in the yield of
neoplasms was reached about 70 weeks after beginning
promotion with phenobarbital. In nonpromoted rats,
neoplasms appeared to have a similar latency, but the
plateau value for the yield of neoplasms was less than
200/o of that seen in promoted livers.19 Consequently,
phenobarbital does not simply reduce the latency period
for a population of fully altered neoplasms, but rather
stimulates, or promotes, the expression by initiated
hepatocytes of their neoplastic potential.
Phenobarbital has been shown to stimulate the pro-
liferation of hepatocytes in islands of cellular alteration
after a single acute administration.20 However, long-
term inclusion in the diet inhibited hepatocyte pro-
liferation in normal livers and in livers of rats fed a
choline-deficient diet.2" The mitogenic effect of the
promoter on altered hepatocytes and the mitoinhibi-
tory effect on unaltered hepatocytes may cause the
phenobarbital both to stimulate and to select the growth
of the altered hepatocytes.8'20 Nevertheless, in the ab-
sence of the promoter islands emerged and grew. The
greater than normal proliferative activity of island
hepatocytes 02,23 seen even in the absence of pro-
moter20'23 may reflect a heightened sensitivity to endog-
enous mitogens.10
The continuous increase with time in the numbers
of neoplasms and islands in livers suggests that both
initiated and altered hepatocytes may remain dormant
and unexpressed for considerable intervals after car-
cinogen treatment. In the case of neoplasms, this latency
probably includes a phase in which the neoplasm is ex-
pressed and growing but is too small to be recognized.
The rather abrupt occurrence of carcinomas after 45
weeks may be due to the progression of neoplastic nod-
ules to carcinomas.5 22 Alternatively, given the morpho-
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logic heterogeneity of neoplasms, some early carci-
nomas present before 60 weeks may be histologically
indistinguishable from neoplastic nodules. Islands of
cellular alteration can be reliably recognized compara-
tively soon after emergence when the region exposed
in transection is about four cells in diameter (>75 M13).
Consequently, it appears that island progenitors also
may occupy a latent phase in which the cellular altera-
tions are not fully expressed.
It remains to be determined how phenobarbital
stimulates the development of neoplasms from latent
but initiated cells. An effect on growth rate may be in-
ferred from the effects on islands. The promoter also
appears to have another effect, which somehow trig-
gers expression of the neoplastic phenotype. Given the
ubiquitous occurrence of aneuploidy in cancer, it may
be relevant to note that phenobarbital has been shown
to alter hepatocyte ploidy, and it may stimulate chro-
mosomal nondisjunction.24 Further studies are needed
to test the hypothesis that phenobarbital promotes
hepatocarcinogenesis through the generation of aneu-
ploidy and may unmask latent neoplasms by convert-
ing an altered, heterozygous-recessive allele in the ini-
tiated cells to homozygosity.
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